The goals of this study were to (a) define which host genes are of particular importance during the interactions between macrophages and intracellular pathogens, and (b) use this knowledge to gain fresh, experimental understanding of how macrophage activities may be manipulated during host defense. We designed an in silico method for meta-analysis of microarray gene expression data, and used this to combine data from 16 different studies of cells in the monocyte-macrophage lineage infected with seven different pathogens. Three thousand four hundred ninety-eight genes were identified, which we call the macrophage intracellular pathogen response (macIPR) gene set. As expected, the macIPR gene set showed a strong bias toward genes previously associated with the immune response. Predicted target sites for miR-182-5p (miR-182) were strongly over-represented among macIPR genes, indicating an unexpected role for miR-182-regulatable genes during intracellular pathogenesis. We therefore transfected primary human alveolar macrophage-like monocyte-derived macrophages from multiple different donors with synthetic miR-182, and found that miR-182 overexpression (a) increases proinflammatory gene induction during infection with Francisella tularensis live vaccine strain (LVS), (b) primes macrophages for increased autophagy, and (c) enhances macrophage control of both gram negative F. tularensis LVS and gram positive Bacillus anthracis ANR-1 spores. These data therefore suggest a new application for miR-182 in promoting resistance to intracellular pathogens.
Introduction
Macrophages constitute a first line of defense against pathogenic microbes. However, diverse pathogens have developed strategies to overcome macrophages' antimicrobial activities, and instead invade and replicate within the macrophage cytoplasm. While these strategies may be highly specific, the host response to pathogens is often modular, involving overlapping groups of genes whose expression is regulated by key upstream factors in response to common features of pathogenesis. We hypothesized that intracellular pathogens would invoke a particular host response module in macrophages, which we call the macrophage intracellular pathogen response (macIPR) gene set. We further hypothesized that identifying this module would reveal novel regulators that can be used to direct macrophage responses toward more effective pathogen elimination. Here, we define the macIPR gene set by meta-analysis of microarray whole genome expression studies, and propose miRNA-based regulation of macrophage gene expression to modify susceptibility to intracellular pathogens. miRNAs are short, noncoding RNAs that are important post-transcriptional regulators of cellular protein expression. Binding to cognate regulatory sequences, predominantly in the 3 0 UTRs of their target mRNAs, they trigger mRNA degradation and can also interfere with translation [1] . Most mammalian mRNAs are believed to contain miRNA target sites, and a given miRNA may target hundreds of different mRNAs with varying efficiency. This allows them to regulate expression of protein networks powerfully and subtly, and thus control cell phenotype [1, 2] . For example, induction of endogenous miR-155 has been shown to protect macrophages and mice from intracellular Mycobacterium tuberculosis and Francisella tularensis infection by targeting negative regulators of proinflammatory cytokine production and autophagy [3] [4] [5] [6] . Moreover, synthetic miRNA mimics have successfully improved outcomes in a variety of disease models in vivo, for example [7, 8] .
miR-182-5p (hereafter miR-182) has previously been shown to regulate oncogenesis and metastasis (reviewed in [9] ), but has not previously been linked to the innate response to infection, either physiologically or as an intervention. Physiological roles in lymphocyte development and pathogenicity have been proposed [10] [11] [12] [13] , but this is controversial [14] . In the present study, having identified a protective role for exogenous miR-182, we investigate the mRNA network it controls. Overexpression causes both positive and negative changes in abundance of over 400 different mRNAs with diverse cellular functions during infection with F. tularensis live vaccine strain (LVS). Among these, we show that miR-182 overexpression primes defensive autophagy and proinflammatory pathways, and these may mediate the observed protection.
Results

Definition of the macIPR gene set
We started with the assumption that genes which play a role during infection with intracellular pathogens (e.g., promoting resistance, conferring susceptibility, or as targets of microbial subversion) are likely to be modulated during infection. We therefore mined public datasets [15] [16] [17] for studies where macrophage-like cells had been infected with intracellular pathogens, and performed a meta-analysis as described in Materials and methods. To ensure as broad a coverage as possible, that was not biased toward a particular experimental setup, species, or host-pathogen pair, we included all macrophage types, including both mouse and human macrophage-like cell lines and cells of the monocyte-macrophage lineage, including macrophagelike cell lines, and gram negative, gram positive, and eukaryotic pathogens Bacillus anthracis, Brucella melitensis, F. tularensis, Leishmania spp., Listeria monocytogenes, M. tuberculosis, and Yersinia spp. Some datasets also included the effect of cytokine stimulation, or compared expression in resistant versus susceptible strains of mice during infection. Genes that were differentially regulated in these contexts may also be mechanistically informative, so were included. The numbers of significantly regulated genes varied widely between studies ( Fig. 1A and Dataset 1 at figshare). This reflects both the studies' statistical power and the differing numbers of genes detected by each platform. Combining the studies identified 3498 genes that were regulated in at least two different analyses (Fig. 1B and Dataset 1 at figshare), and are thus likely to play a role in the interactions between macrophages and different intracellular pathogens.
Gene Ontology analysis of the macIPR gene set using two separate enrichment algorithms shows a strong enrichment of genes that are associated with the immune system and signal transduction (Table 1 and Dataset 2 at figshare). While only a statistical association, this is consistent with current understanding of intracellular infection, so tends to support the appropriateness of the meta-analysis method. Dataset 3 (at figshare) details the extensive overlap between genes regulated by different pathogens/stimuli, and this is summarized in Fig. 1C . Many genes are regulated by multiple pathogens; indeed IL1B, TNF, CCL4, CCR2L, and SLAMF8 are regulated by all stimuli, consistent with their central role in innate immunity. Similarly, there is an extensive overlap between the different classes of pathogens (Fig. 1D) .
To address the extent to which combining data from mouse and human macrophage-like cells influenced the composition of the macIPR, we repeated the analysis separately for the two species, using the same inclusion criteria for the two more limited datasets. As detailed in Dataset 4 (at figshare), 840 genes were significantly regulated in at least two human input lists, whereas 2512 achieved these inclusion criteria from mouse studies alone. This disparity reflects the bias toward mouse in the available datasets. Comparison of gene ontology enrichment (Dataset 5 at figshare) shows that, like the complete macIPR gene set, both species-restricted gene sets are highly enriched in terms associated with the host response to infection. There are some differences in ranking of highly enriched terms (e.g., the terms 'regulation of cytokine production' and 'cytokine production' are more enriched in the mouse dataset than human), but it is not clear whether this reflects genuine biological differences or is an artifact of the limited datasets.
miR-182 enhances killing of intracellular bacteria by macrophages
A key objective of this study was to identify potential regulatory mechanisms for biological validation and exploitation. Having defined the macIPR gene set, we therefore used the gene set enrichment platform MSigDB [18, 19] to identify likely regulators. This approach identifies target motifs for known transcription factors and miRNAs at conserved sites in the promoters and 3 0 UTRs (respectively) of macIPR genes and compares the frequencies with which they appear with their frequencies in all genes to identify enriched regulatory motifs. As shown in Table 2 and Dataset 6 (at figshare), binding sites for transcription factors with well-established roles in the response to intracellular pathogens and the immune system more generally (IRF, STAT, and NF-jB families) were significantly enriched in macIPR promoters. This supports the validity of our analysis. Consensus regulatory elements for a number of miRNAs were also significantly overrepresented in 3 0 UTRs of macIPR genes ( Table 2 and Dataset 6 at figshare). The most significantly enriched of these miRNAs, miR-223, has previously been associated with macrophage activity and the response to pathogens [20] [21] [22] [23] [24] . We therefore focused on the next most enriched, but less well studied, candidate, miR-182, for validation studies.
MSigDB identifies target mRNAs by the presence of conserved motifs complementary to the 7-bp seed region of the miRNA. To confirm the enrichment of miR-182 targets in the macIPR gene set using alternative approaches, we used ToppFun to query both miR-NA.org, which takes into account the wider context of the mRNA-miRNA interaction, and miRTarBase, which emphasizes experimentally validated interactions [25] . Both methods showed enrichment of miR-182 targets in the macIPR gene set (FDR q = 1.25 9 10
À18
and q = 3.79 9 10 À3 , respectively). Complete outputs are provided in Dataset 6 (at figshare). Furthermore, miR-182 targets were enriched in the mouse-and human-restricted gene sets (Dataset 6 at figshare). It Genes in overlap indicates the number of those genes that are also present in the macIPR gene set.
was therefore reasonable to proceed with experimental validation of the effect of miR-182. The enrichment of predicted miR-182 target genes in the macIPR gene set led us to hypothesize that miR-182 could be used as an agent to modify the outcome of infection with intracellular pathogens. To test this, we used human alveolar macrophage-like monocytederived macrophages (AM-MDMs), which we and others have previously shown to provide an appropriate model of human primary alveolar macrophages [26, 27] , in an in vitro transfection-infection assay. AMMDMs were transfected with a stabilized oligonucleotide mimic of miR-182 or nontargeting control, then infected with F. tularensis LVS-a gram negative bacterium that replicates readily within the macrophage cytosol [28] -or endospores of gram positive B. anthracis ANR-1, which germinate within macrophages [29] . Transfection of synthetic miR-182 into AM-MDMs prior to infection with F. tularensis LVS ( Fig. 2A -C) produced a substantial reduction in bacterial load (> 50% in a majority of samples from different donors). Some variability in these primary human samples was observed, with 3 of 13 samples failing to show any reduction and at least 50% reduction observed in nine of the remaining experiments, resulting in an overall average decrease of~30%. Increased killing of B. anthracis spores (Fig. 2D ) was also observed, demonstrating that miR-182 overexpression protects against very different intracellular pathogens.
miR-182 induces inflammatory gene expression
Taking the hypothesis that the protective effect of miR-182 results from its control of macrophage genes that govern the macrophage's ability to kill or restrict growth of intracellular bacteria, we investigated the effects of miR-182 overexpression on gene expression in both resting macrophages and macrophages during infection with F. tularensis LVS. AM-MDMs from three different donors were transfected with miR-182 mimic or control oligonucleotide, with or without subsequent infection with F. tularensis LVS, and global expression was analyzed by microarray. As shown in Dataset 7 (at figshare), the expression of previously reported [30, 31] miR-182 targets CTTN and BCL2 was repressed by transfection of miR-182 mimic, as was the expression of additional genes with predicted miR-182 target sites including MYO1D, FAM134B, and ZFP36L1. This was confirmed by qPCR using cDNA from independent donors (Fig. 3A) . However, as shown in Fig. 3B , many genes were also induced by transfection. Of particular interest was the set of genes significantly (> 1.5-fold, FDR 0.05) induced by the infection of miR-182-transfected cells but not by the infection of control-transfected cells. ToppFun analysis of this group using the Reactome database identified a strong enrichment of terms associated with type 1 interferon signaling (Table 3 , Dataset 7 at figshare). We therefore decided to directly test whether miR-182 overexpression alters proinflammatory cytokine production in response to infection. qPCR on cDNA from macrophages derived from independent donors confirmed that transfection with miR-182 approximately doubles the induction of some interferons and other proinflammatory cytokines following infection with F. tularensis LVS (Fig. 3C ). These cytokines are induced during Francisella infection and are associated with protection [32] [33] [34] , so this potentiation of induction may explain the enhanced resistance of miR-182 overexpressing macrophages to infection. transfection was confirmed by qPCR using AM-MDMs from separate donors. Mean AE SEM, n = 3-4 triplicate experiments. Data are normalized to control transfected, F. tularensis infected because some cytokines were undetectable in uninfected macrophages. *P < 0.05, **P < 0.01, ***P < 0.001, repeated measures ANOVA with Tukey's HSD.
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The FEBS Journal 285 (2018) 244-260 ª 2017 Federation of European Biochemical Societies miR-182 enhances macrophage autophagy As well as regulating mRNA stability, miRNAs may also affect translational efficiency [1] . We therefore used TMT mass spectrometry to compare the effect of miR-182 overexpression on protein expression in uninfected cells and cells subsequently infected with F. tularensis LVS. Two thousand seven hundred and twenty-three proteins were detected in macrophage lysates (Dataset 8 at figshare and Fig. 4A ). Of these, 20 were detected in all four conditions with at least three unique peptides and were induced at least twofold by miR-182 (listed in Table 4 ). Of particular interest, transfection primed three proteins for induction following infection, without affecting their expression in uninfected cells (labeled in Fig. 4A ). Two of these are linked to autophagy. ATG3 is an essential component of the autophagy pathway, acting as an E2 ligase for enoylation of the autophagosome marker protein, LC3 [35] . Syntaxin 7 (STX7) is a component of SNARE complexes, involved in vesicle trafficking, lysosome-endosome fusion, and autophagy [36, 37] . Induction of ATG3 mRNA was induced in infected, transfected macrophages (Fig. 4B) , as was LC3, suggestive of increased autophagic flux [38] . miR-182 has previously been associated with autophagy in prostate cancer cells [39] . We therefore used LC3 immunofluorescence to measure the effect of miR-182 overexpression on autophagic vesicle prevalence in AM-MDMs. As shown in Fig. 4C&D , miR-182 transfection increases LC3 punctation in AM-MDMs, consistent with increased autophagy. Autophagy has been shown to be protective against intracellular pathogens, including F. tularensis [40] [41] [42] , so this increase may contribute to the protective effect of miR-182 overexpression.
Discussion
In this study, we have (a) devised a technically simple method for the meta-analysis of microarray studies using different technical platforms, (b) used this approach to identify a group of~3500 genes, which we term the macIPR gene set, whose expression is frequently disturbed in macrophages infected with intracellular pathogens, and thus are likely to be functionally relevant during infection; (c) predicted that miRNA miR-182 or its synthetic mimics can influence the susceptibility of macrophages to intracellular pathogens; (d) experimentally validated this in silico prediction in primary human macrophages to show that miR-182 transfection protects from infection with intracellular bacteria in vitro; and (e) shown that miR-182 overexpression predisposes macrophages to protective proinflammatory and autophagy responses to infection. Our primary dataset relies on pooling data from human and mouse cells. This was necessary to obtain at least two studies using each pathogen, as well as providing a greater number of studies to counteract the confounding factors of different macrophage types and experimental formats. Repeating in silico enrichment analyses on the more limited datasets derived using only one species identifies similar enriched terms. It is not clear whether differences in the rankings of predicted regulatory miRNAs identify genuine differences between species or merely reflect the reduced statistical power and uneven pathogen coverage of species-specific datasets. There is some controversy in the literature about the validity of comparing gene expression data between mouse and human, and therefore whether it is appropriate to combine datasets in this manner. One important study [43] reported an exceedingly poor correlation between gene expression in human whole blood following a burn or trauma injury, and a range of mouse models. However, different authors have drawn completely or partially opposing conclusions from the same data [44] [45] [46] . Other studies that directly compare human and mouse gene expression profiles in different in vivo disease models find better correlation at the pathway or ontology level than for individual genes [47, 48] . However, interpretation of these studies is always complicated by physiological differences between the human disease and the murine models. At the single cell type, in vitro level, which is more relevant to our study, data are also conflicting. For example, direct comparison of gene expression in different primary monocyte subtypes showed good overall conservation between mice and humans in the absence of external stimulus [49] . 'Strikingly similar' overall responses to lipopolysaccharide (LPS) treatment of human MDMs and mouse BMMs and thioglycollate-elicited peritoneal macrophages have also been reported, but divergence was identified in~7%-24% of LPSresponsive genes, depending on time point and stringency of the analysis [50] . Interestingly, divergence was most evident in genes encoding cell surface and secreted proteins, while intracellular signaling responses were intact. In contrast, however, a comparison of mouse BMM and human MDM found very poor conservation in response to glucocorticoids [51] . The reasons for these conflicting data are not clear. Some will doubtless reflect phenotypic differences between macrophage models or other experimental artifacts, but some reported differences must be genuine. Thus, it is conceivable that some genes included in the core macIPR gene set are specific to one species or the other. The fact that similar, although not identical, functional categories and regulatory targets are enriched in both mouse-and human-specific gene sets indicates that any effect is not major. However, the concern emphasizes the need for experimental testing of predictions made from bioinformatics and meta-analyses. In validating the predicted effect of miR-182 in this study, we employed human, ex vivo-differentiated, alveolar macrophage-like cells, which were not used in any of the studies that contributed to our in silico analysis. In view of the functional changes when mir-182 is overexpressed, it is perhaps surprising that we have been unable to reliably demonstrate induction of endogenous miR-182 expression during infection of AM-MDMs with either F. tularensis LVS or B. anthracis, or following treatment with LPS. The factors that govern expression of endogenous miR-182 expression in macrophages are unknown. In T cells, IL2 has been shown to induce miR-182 expression by up to 200-fold [11] , and IL4 induces miR-182 via c-Maf in T Regs [10] . A very recent report claims that miR-182 can regulate TLR4 expression during ischemia-reperfusion injury [52] . However, no miR-182 consensus site is evident in human or mouse TLR4 3 0 UTRs, indicating that any effect is more likely indirect. Interestingly, miR-182 is induced in cytomegalovirus-infected fibroblasts [53] and during ex vivo maturation of human dendritic cells with LPS and IFNc, but not tolerogenic cytokines IL-10 and TGF-b [54] , supporting a link with host defense. Furthermore, the induction of miR-182 in Th2-associated T Regs limits the development of a Th2 response [10] ; this is consistent with the potentiation of Th1-associated cytokines that we observe in macrophages transfected with the miR-182 mimic. Elevated miR-182 has recently been reported in NK cells in patients with hepatocellular carcinoma; overexpression increased NK cytotoxicity in a coculture model [55] . Thus, it is possible that miR-182 transfection into macrophages co-opts a defensive mechanism that naturally occurs in other cell types. Alternatively, miR-182 induction may occur in other macrophage types but not the alveolarlike macrophages used here, or may be specific to particular pathogens or stimuli. In support of this latter possibility, TNF-a has recently been reported to induce miR-182 in murine bone marrow-derived macrophages, where it contributes to inflammatory osteoclastogenesis [56] . Additional studies of primary macrophages from the lung and other sites may be able to resolve this mechanistic question. However, our data establish a proof of principle that exogenous miR-182 delivery may be employed therapeutically as a means to control some bacterial infections.
The enhanced proinflammatory response that we demonstrate in miR-182-transfected macrophages is expected to increase synthesis of reactive oxygen species. These, along with nitric oxide, have been shown to contribute to killing of intracellular F. tularensis LVS, although assessments of their importance vary according to host species, macrophage type, and bacterial strain [57] [58] [59] . The type I interferon response also induces bactericidal guanylate-binding proteins (GBPs) [60, 61] , but although miR-182 transfection enhances IFNA1, IL6, and IFNB1 transcription, we detected no significant increase in GBP mRNAs (not shown). Inducing autophagy enhances clearance of F. tularensis by THP1 cells and in mice [40, 62] , and RNAimediated knockdown of autophagy genes inhibits the ability of both IFNc-activated THP1 macrophages and Dictyostelium discoideum cells to restrict Francisella growth [41, 63] . Thus, our observations of LC3 punctation and enhanced LC3 and ATG3 induction in miR-182-expressing macrophages are consistent with a model in which miR-182 primes macrophages to eliminate F. tularensis LVS by targeting the bacteria to an activated autophagy pathway. However, further experiments are required to clearly demonstrate that this is the case. Furthermore, the relationship between F. tularensis and autophagy is complex, since ATG5-independent autophagy may be subverted for bacterial nutrient acquisition in epithelial cells, and virulent strains, in particular, are able to suppress macrophage autophagy [64] [65] [66] .
miRNAs inhibit expression of their target genes. However, in our microarray we observed slightly more induction than repression of mRNAs following miR-182 overexpression. Moreover, we observed only induction using the less sensitive approach of proteomic analysis. Some reports have indicated that certain transfected miRNAs can induce RIG-I (DDX58) gene expression in epithelial or mesenchymal stem cells, and trigger an antiviral response via specific TLR5 stimulation [67, 68] . However, neither DDX58 nor TLR5 expression was induced by miR-182 transfection in this study, making this mechanism unlikely. Furthermore, such a mechanism would be expected to induce rather than potentiate a proinflammatory response. It is therefore more likely that miR-182 inhibits one or more negative regulators of gene expression resulting in increased expression of the repressor(s) target genes (strictly speaking, derepression rather than induction). This is consistent with the mechanism of other miRNAs in hostpathogen interactions and elsewhere. For example, miR-155 enhances reactive oxygen/nitrogen species during Mycobacterium bovis BCG infection [69] and inflammatory cytokine induction during F. tularensis subsp. novicida infection by repressing the inhibitory phosphatase gene INPP5D (SHIP1) [6] , and promotes autophagy in BCG infected cells by inhibiting Rheb [3] . The identity of the repressors(s) targeted by miR-182 to potentiate proinflammatory cytokine induction is not yet clear, but expression of genes encoding several known transcriptional repressors and mRNA destabilizing proteins was inhibited in our microarray.
Many different approaches to meta-analysis of microarray gene expression data have been published, some of which have associated web interfaces, others requiring advanced programming skills [70, 71] . The pros and cons of at least 16 different multiple methodologies for meta-analysis of transcriptome data have been extensively reviewed [70] [71] [72] . The method we describe here makes use of freely available software, is not constrained to a particular platform or technology, and is comparatively simple to perform. By using source data from variety of different macrophage models, including both human and mouse primary and immortalized cell types, we sought to identify a functional gene expression module that is robust across experimental models and reflects the most central common features of the host response. Our method may be considered similar to 'votecounting' which is recognized as a less powerful but perhaps the easiest to apply method among the many meta-analysis tools [71] . The simpler methods may fail to find 'hits' that would be identified with more complex approaches, but those positives that are identified are likely to represent strong signals capable of being easily detected. Two considerations give particular confidence to our method's reliability. Firstly, any procedure to identify genes associated with the macrophage response to intracellular pathogens should strongly bias toward genes that have already been linked to innate immune functions. This is indeed the case, at least by statistical analysis: gene ontology and regulatory sequence analysis show dominant representation of biological functions and transcription factor families associated with the immune response and cytokine signaling. Secondly, a novel biological activity predicted by our model was tested and confirmed experimentally. Since the value of meta-analyses derives from their ability to provide novel biological insights, experimental validation is a strong confirmation not only of the accuracy of our analysis but also its usefulness. In this report, as a proof of principle, we used MSigDB to identify a novel regulatory target from the macIPR gene set. Numerous other approaches are available, including pathway, kinase, and disease-based associations, and their predictive power and accuracy has increased even during the course of this study. For example, while more recent versions of microarray.org and MirTarBase confirm significant enrichment of miR-182 targets, both approaches identify miRNAs with greater enrichments. These may also serve as either endogenous or interventional regulators of the response to intracellular pathogens and would be appropriate subjects of future experimental studies. Furthermore, in addition to providing specific, testable hypotheses, the macIPR gene set may inform broader experimental approaches. For example, we have used it as the basis of an RNAi library for functional screening of macrophage to infection (Gregory et al., submitted). Thus, the macIPR gene set constitutes a resource that may be used to provide continued insights into the regulation of macrophage activity in response to intracellular pathogens, with relevance to other inflammatory situations.
Materials and methods
Meta-analysis
Source datasets were predominantly obtained by searching ArrayExpress with the term 'Macrophage' and relevant intracellular pathogens; some were sourced by direct communication. 16 different usable studies were obtained (Table 5 )-at least two for each pathogen or stimulus. Some of these used multiple pathogens, or investigated the effect of cytokine stimulation or different genetic backgrounds; these conditions were processed independently, so datasets generated more than one list. Each dataset was processed independently. Data from specific mutants and avirulent bacteria were discarded. Wherever possible, raw image files were used, with authors' processed data being used as a last resort. Chip image files were normalized and spot intensities quantified using the Robust Microarray Analysis (RMA) procedure at Babelomics (http://babelomic s.bioinfo.cipf.es/) [73] . For Affymetrix chips, probesets that did not register at least 50% 'P' calls in at least one experimental condition were discarded. Remaining probesets were filtered by both fold change and P-value. P was calculated using two-tailed t-test, one-way, or two-way ANOVA with Tukey's HSD for post hoc determination of changed pairs as appropriate; a false discovery rate of 0.05 was applied using the Benjamini-Hochberg method. Where more than one related condition was assessed in a dataset, for example, time-course or related strains of pathogen, the largest fold change was used. To account for widely different dynamic ranges between different studies, absolute fold changes were ranked, and 9% of the most changed probesets were retained for each study (9% corresponds to a twofold change in about half of the studies used). Only then were probesets where the change was not statistically significant removed. Mouse genes were converted to their human orthologs using Homologene (NCBI, fix date October 18 2010), and nomenclature standardized to human gene names, symbols and Gene ID (current October 2010) using DAVID ID Converter tool (https://david.ncifc rf.gov/conversion.jsp) [74] and information in chip annotation files and Homologene. All of the resulting gene lists were then combined. To reduce the false positive rate, only genes that were significantly regulated in at least two studies were included. Venn diagrams were drawn using CONVEX VENN 3 [75] .
Identification of over-represented pathways and regulatory elements
Over-represented pathways were identified from the GO Biological Pathways or Reactome Pathways databases using Panther (release 20150430, database release 2015-08-06; www.pantherdb.org) [76] , ToppFun (https://toppgene.cc hmc.org/; GO-BP database updated 2017-07-17) [77] , or Enrichr (http://amp.pharm.mssm.edu/Enrichr/) [78] . Overrepresented regulatory elements were identified using MSigDB Gene Set Enrichment Analysis [18, 19] (http://soft ware.broadinstitute.org/gsea/msigdb/collections.jsp#C3), which identifies species-conserved transcription factor recognition 
Cell culture and transfection
Human alveolar macrophage-like monocyte-derived macrophages were matured from monocytes isolated from discarded, anonymous apheresis leukopacks using 20 ngÁmL À1 GM-CSF as described [26] . The protocol has been reviewed by the local Institutional Review Board and is exempt from human subject regulations. Cells were plated to around 10 Francisella tularensis LVS containing pKK214kanGFP [79] was grown in brain-heart infusion with 1% isovitalex (BD Biosciences, Billerica, MA, USA) and 15 lgÁmL À1 kanamycin at 37°C. Bacteria were washed and resuspended in PBS, then diluted in RPMI + 10% FBS + GM-CSF and added to AM-MDMs to a final MOI 10 [MOI 1 for colony-forming unit (CFU) experiments]. Cultures were centrifuged 15 min, 3000 g, then the infection allowed to proceed 3-4 h at 37°C + 5% CO 2 . Wells were washed two to three times, then pulsed with 50 lgÁmL À1 gentamicin for 45-60 min, then washed again and cultured overnight in the presence of 2.5 lgÁmL À1 gentamicin to restrict extracellular growth. Endospores of B. anthracis ANR-1 containing pSW4-GFPmut1 [80] were prepared essentially as described [81] and stored in water at room temperature until used. Spores were diluted in RPMI + 10% FBS + GM-CSF and added to AM-MDMs to a final MOI 1. Cultures were centrifuged 15 min, 3000 g, then the infection was allowed to proceed 4-5 h at 37°C + 5% CO 2 , by which time spores were mostly germinated. Wells were washed in RPMI five times, or until extracellular bacteria were removed, and cultured overnight in the presence of 2.5 lgÁmL À1 gentamicin.
Quantitation of bacterial load
For CFU assays, infected AM-MDMs were lysed by repeat pipetting in 0.1% saponin in PBS. Ten-fold serial dilutions of lysate were plated on Modified Thayer-Martin II (F. tularensis LVS) or Tryptic Soy II + 5% sheep's blood (B. anthracis) agar plates (BD Biosciences) and incubated at 37°C until colonies were clearly visible. Absolute yields varied widely between different experiments using AM-MDMs from different donors, so are expressed as percent of control (miR-182 transfected Ä control transfected). For flow cytometry, infected AM-MDMs were washed once in cold PBS, then detached by incubating 1 h at 4°C in Cell Stripper (Mediatech, Manassas, VA, USA) and pipetting. The suspension was combined with supernatant and wash, and cells pelleted at 1000 g for 5 min. Cells were fixed in 4% paraformaldehyde for 15 min at room temperature and washed before cytometry on a BD Canto II. Bacterial load was assessed as a fluorescence index: % infected cells 9 GFP intensity in infected cells.
Immunofluorescence
Alveolar macrophage-MDMs were transfected in optical 96-well plates (BD Biosciences). Cells were fixed in cold methanol on ice for 5 min, washed three times HBSS, blocked 1-2 h with 5% goat serum + 0.3% Triton X-100 in HBSS, then stained overnight at 4°C with 300 ngÁmL in HBSS with 2% BSA + 0.3% Triton X-100 for 1-2 h at room temperature, then washed four times for 5 min. Confocal image stacks were acquired on a BD Pathway Bioimager from multiple adjacent fields at 4009 magnification. Cells containing LC3 puncta were counted by automated software essentially as described [26] . Representative images were obtained by combining image channels in Attovision 1.7 with further contrast adjustments using ADOBE PHOTO-SHOP (Adobe, San Jose, CA, USA). Intensity thresholds, ranges, and contrast adjustments were applied uniformly across and between images.
Proteomics
Pooled AM-MDMs from three different donors (10 6 cells per condition) were transfected then infected/mock infected overnight. Cells were then washed with cold PBS and lysed by scraping in RIPA buffer. Insoluble debris was removed by microcentrifugation. Donors were then pooled by equal amounts of protein. Tandem Mass Tag mass spectrometry and peptide assignment and quantification was performed at Harvard FAS Proteomics core.
miR-182 microarray
Alveolar macrophage-MDMs from three donors were compared for each of the four conditions, transfected/infected in parallel. Cells from each donor were transfected with miR-182 or control RNA prior to infection or mock infection so as to give a 2 9 2 experimental design for each donor. RNA was extracted using RNeasy kits (Qiagen, Hilden, Germany). Microarray was performed at UCLA Clinical Microarray Core using U133 plus 2.0 chips (Affymetrix, Santa Clara, CA, USA). Data were processed using Partek Genome Suite and pairs of conditions were compared using 1.5-fold change (average of the three donors) and 0.05 False Discovery Rate criteria. Raw data have been deposited in ArrayExpress with accession number E-MTAB-4551.
qPCR RNA was obtained from triplicate wells, purified using Qiagen RNeasy kits with DNase I digestion, and reverse transcribed using High-capacity cDNA Reverse Transcription Kit (Applied Biosystems, Waltham, MA, USA). Amplicons were detected using Sybr Green (Sybr Fast qPCR Mastermix; KAPA Biosystems, Wilmington, MA, USA), and quantified using the DDCt method relative to the mean expression of housekeeping genes TBP, Cyclophilin B (PPIB), and SDHA, and values from the triplicate wells averaged. Primers were selected to span introns and intron/exon boundaries were possible; see Table S1 for primer sequences. Experiments were repeated at least three times using AM-MDMs from different donors to provide mean AE SEM.
